In order to increase the applicability of photocatalysis in treating offshore produced water (OPW), an immobilized catalyst was introduced into the UV irradiation system and its performance on the degradation of organic compounds in OPW was evaluated. Naphthalene was selected as the target pollutant owing to its abundance in produced water and its chemical property as a typical polycyclic aromatic hydrocarbon. Aeroxide ® P25 nano-scale TiO 2 powder was immobilized on glass slides by a heat attachment method and its photocatalytic capacity was compared to that of the original powder in terms of naphthalene removal efficiency. The results of adsorption showed that the reduction of catalysts' surface area by immobilization was similar to that by agglomeration. The photocatalytic reaction rate constants in the homogeneous and immobilized systems were 0.00219 min À1 and 0.00305 min
INTRODUCTION
Offshore produced water (OPW) is one of the largest waste streams produced during the exploitation and production of oil and gas at sea ( Jaji ; Zheng et al. ) . The annual generation of OPW is approximately 14 billion barrels worldwide (Hawboldt et al. ; Jaji ) . The composition of OPW is site specific and usually includes suspended solids, salt, petroleum hydrocarbons, organic acids, heavy metals, radionuclide and treating chemicals (Li et al. ) . Without proper treatment, the discharge of OPW can cause long-term negative impacts on marine and coastal environments. OPW is usually treated on-site prior to being reinjected or disposed. The conventional on-site treatment technologies are mainly physical separation, such as hydrocyclone, skimming, and dissolved air flotation; however, In spite of the promising mineralization potential, the application of photocatalysis may raise other issues.
The concerns originate mainly from the introduction of catalyst slurry in photocatalysis. One of the major disadvantages is that the aqueous suspension of catalyst in treated effluent needs to go through a solid-liquid separation step before discharge, which, in turn, greatly increases treatment time and cost (Byrne et al. ; Yahia-Cherif et al. ) .
Further, the suspended catalysts are more susceptible to water matrix. The immobilization of TiO 2 on different substrates has then been studied to control the dispersion of catalysts in treated effluent (Behnajady et al. ; Chong et al. ) . Some studies compared suspended TiO 2 with immobilized TiO 2 regarding the performance of photocatalysis and indicated that the immobilization of catalyst reduced its surface active sites and limited its mass transfer potential (Matthews ; Mascolo et al. ) . However, these studies were conducted without considering the matrix effects of water media. Limited research has been conducted to compare the performance of different catalysts in wastewater treatment (Pozzo et al. ; Mascolo et al. ) . To date, the research on photocatalytic treatment of OPW by immobilized catalysts has not been well studied.
It has been proved that the matrix effect of OPW significantly deteriorated the performance of photocatalysis (Liu et al. , ) . As a surface sensitive reaction, the activity of catalyst surface plays an important role in photocatalysis (Hidaka et al. ,  All the chemicals were of analytical grade. Glass microscope slides (75 × 25 mm 2 ) were purchased from VWR International, Canada. The OPW was provided by a local oil and gas industry.
Immobilization of catalysts
The immobilization of catalysts on glass slides was conducted using a heat-attached method (Yahia-Cherif et al. 
Irradiation experiments
The irradiation experiments were conducted in a photocatalytic reactor ( Figure 1 ). Five hundred milliliters of produced water sample were filled into a 500 mL amber bottle. Four coated glass slides with an equivalent amount of P25 powder were hung in the middle of the amber bottle and the mixture was stirred for 30 minutes prior to irradiation in order to achieve equilibrium. The systems with coated glass slides and P25 powder represented the immobilized and suspended systems, respectively. Pen-ray light source (UVP ® 11SC-1, peak wavelength at 254 nm, irradiance of 4.4 mw/cm 2 ) covered with a quartz tube was then submerged in the bottle for 12 hours' irradiation. A water bath was used to keep the system at ambient temperature.
Water samples were collected at 0, 0.5, 1, 1.5, 2, 3, 6, and 12 hours, respectively. The mixture was kept homogeneous by using a magnetic stirring. Adsorption experiments were conducted using the same apparatus as stated above. The sampling times for adsorption were 0, 0.25, 0.5, 1, 1.5, 2, 3, 6, and 12 hours, respectively.
Analytical methods
The liquid-liquid micro-extraction (LLME) method was For the OPW samples collected from the suspended system, 10 mL water sample was centrifuged at 3,000 rpm for 15 minutes. 5 mL of supernatant was withdrawn and forced through a 0.2 μm syringe filter (Whatman ® Spartan ® RC) with low organic retention to remove any catalyst residue. Then, 10 μL 1 μg mL À1 naphthalene-d 8 solution was added and the solution was vortexed for 10 seconds. After that, 250 μL DCM was added and further vortexed for 1 minute. The mixture was finally centrifuged at 1,500 rpm for 5 minutes to complete the phase separation. 
RESULTS AND DISCUSSION

Characterization of immobilized catalyst on glass slides
The surface morphology of the immobilized catalyst is illustrated in Figure 2 . 
Effect of filtration on sample analysis
The LLME methods were modified differently to pre-treat the samples obtained from the immobilized and suspended systems. For the suspended system, the use of centrifuge and filtration significantly increased the pre-treatment time (around 15 minutes), whereas the immobilized system did not need these separation steps. This was because a negligible amount of dispersive catalytic particles was found compared with the suspended system. Without filtration, the overall time for sample pre-treatment was significantly shortened.
The mass spectra of analytic samples in the different systems are further compared in Figure 3 . The decrease of abundance was observed after filtration, which can refer to the retention of organics by using a syringe filter. Furthermore, some of the organic components in OPW, especially those hydrocarbons with longer retention time, 'disappeared' in the spectrum after filtration. These hydrocarbons with higher hydrophobicity were more attracted to the insoluble particles and other insoluble organic matters in OPW (Luo et al. ;
Ukiwe et al. ), which was consequently deposited during centrifugation and retained by the filtration membrane.
Evaluation of adsorption and photocatalysis
The adsorption of naphthalene onto TiO 2 particles is dependent upon the hydrophobicity, the surface of catalyst, and solution conditions (Xue et al. ) . The concentration of naphthalene in the solution was monitored for over 12
hours with the absence of UV light (Figure 4(a) ).
The kinetics of naphthalene adsorption onto TiO 2 were fitted into the pseudo first-order Lagergren equation
where q e is the amount of naphthalene adsorbed per unit mass of adsorbent at equilibrium (mg/g); q t is the amount . In our study, the agglomeration of TiO 2 had a similar effect to the reduction of available specific surface area. Limited dispersion of catalyst was less influenced by alkaline-earth cations. In this case, the immobilized catalysts had more resistance to the negative effects caused by OPW substrate.
The photocatalytic process was conducted under UV irradiation for 12 hours and the experimental results were then fitted with an apparent first-order kinetics (Xu et al.
):
where t is the reaction time (min); k is the first-order reaction rate constant (min À1 ); c t is the determined concentration of the reactant at time t (μg/L); and c 0 is the initial concentration of the reactant (μg/L).
The photocatalytic experimental results and the fitting curves of degradation kinetics are shown in Figure 4 (b).
For the immobilized system, the regression coefficient (R  2 ) between the fitting curves and experimental results was higher than 0.99, indicating a good fit. In the suspended system, the regression coefficient was therefore decreased would force the agglomeration of catalysts (Armanious et al. ) . Therefore, the activated sites on catalyst surface were reduced, lowering the photocatalytic rate of analytes.
The surface of coated glass slides changed from white to pale yellow during adsorption and photocatalysis processes. To provide a more promising alternative in treating OPW, ongoing research is focusing on the identification of the key compounds in OPW affecting the fouling and the color change of catalysts. The prevention of fouling is also being investigated.
